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DECLARATION OF DR. NIKOLAUS NEU UNDER 37 C.F.R. S 1.132 

I, Nikolaus Neu, hereby declare as follows: 

1. I am an Austrian citizen residing in Innsbruck, Austria. I am the head of the pediatric 
intensive care unit at University Hospital Innsbruck. I have extensive research experience in the 
fields of cardiology and immunology. I have published scientific papers on topics such as acute 
pulmonary arterial hypertension in acute limg injury, peptide-induced inflammatory heart disease, 
and heart disease linked through antigenic mimicry. A copy of my curriculum vitae is attached as 
Exhibit 1. 



25757265.1 /10416096 



2. I have reviewed the specification of the above-reference application, the amended set of 
claims, and the Office Action dated October 20, 2006 ("the Action"). I understand that the 
Action rejected claims 67-69, 73, and 98-103 for lack of enablement and for failure to comply 
with the written description requirement. I do not find this to be the case based on my review of 
the specification. 

3. The present specification discloses that ACE2 is a critical negative regulator of the renin- 
angiotensin system (RAS) (paragraph bridging pages 2-3). ACE2 cleaves angiotensin I (Ang I) 
to generate Ang 1-9, and it cleaves angiotensin II (Ang II) to generate Ang 1-7 (Specification, p. 
29, In. 10-16). The effects of Ang II are summarized in the attached review articles by Danilczyk 
et al. (2004 and 2006) (attached as Exhibits 2 and 3, respectively). Therein it is reviewed that 
Ang II is a vasoconstrictor, promotes cardiomyocyte hypertrophy, fibroblast proliferation, cardiac 
and cardiomyocyte contractility and regulates glomerular hemodynamics - whereas Ang 1-7 is a 
vasodilator, inhibits cell growth, regulates sodium and water flux and reduces glomerular 
filtration (e.g. Danilczyk et al, 2006, table p. 465). As mentioned above, Ang II is converted to 
Ang 1-7 by ACE2 thereby reducing the effects of Ang II and increasing the effects of Ang 1-7. 
Loss of ACE2 results in an increase in Ang II, which was shown in the mouse knock-out model 
in the present specification (Specification, p. 38, In. 13-26). 

4. The present specification discloses that various cardiac, lung, and kidney diseases are 
associated with an ACE2 decreased state {see e.g., p. 2, In. 28 to p. 3, In. 6). This disclosure is 
supported by rat and mouse model studies. For example, decreased ACE2 mRNA and protein 
levels were observed in the kidneys of a hypertensive rat model (Specification, p. 32, In. 21 - p. 
33, In. 22). The specification also describes an ACE2 knockout mouse, which is used to model 
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the ACE2 decreased state. In studies on the ACE2 knockout mouse, it was observed that loss of 
ACE2 leads to detrimental effects in the kidneys (p. 36, In. 8-1 1), heart defects (p. 36, In. 14 - p. 
38, In. 12), and increases the susceptibility of the lungs to injury (p. 40, In. 12-20). The 
specification teaches that an ACE2 decreased state, such as cardiac, lung, and kidney disease, 
may be treated by administering to an animal in need thereof an effective amount of an agent that 
can increase the expression of ACE2 (p. 9, In. 10-15). The specification further teaches that this 
agent may be an Ace2 protein or fragments thereof (p. 9, In. 16-25). 

5. The specification also discloses the evolutionary conservation of ACE2 structure and 
activity among mammals, as well as other organisms. FIG. 1 A shows an alignment of the amino 
acid sequences of ACE2 from human, rat, and mouse, which illustrates the identities and 
similarities between these sequences. Previous results in Drosophila showed that a P-element 
mutation associated with the ACE homologue, ACER, results in a severe and lethal defect of 
heart morphogenesis, which is further evidence that ACE/ACE2 functions in the heart have been 
conserved through evolution (Specification, p. 30, In. 28 to p. 31, In. 2). I have also reviewed a 
publication entitled "Structure, Evolutionary Conservation, and Function of Angiotensin- and 
Endothelin-Converting Enzymes" (Macours et al. International Review of Cytology, 239:47-97 
(2004); IDS reference C63), and the resuhs of a BLAST search (IDS reference C60) of the ACE2 
substrate, Ang II, which shows that Ang II is present in numerous mammals including Pan 
troglodytes, Mus musculus, Homo sapiens, Callithrix jacchus. Gorilla gorilla, Canis familiearis, 
Macaca mulatto, Rattus norvegicus, Ovis ammon, and Pongo pygmaeus. The Macours et al. 
publication and the BLAST search results provide further evidence of the evolutionary 
conservation of ACE2 and its substrate Ang II. In view of this evidence, I find that ACE2 
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structure and function is conserved among mammals, and I would expect that the currently 
claimed method could be practiced in any mammal. 

6. The use of protein therapy in the treatment of diseases is well-known in the medical field. 
The publication Scientific Considerations Related to Developing Follow-On Protein Products, 
2004, which is cited in the present Office Action, illustrates this point. For example, this 
publication mentions the drugs Epogen®, which is a protein therapy based on human 
erythropoietin; and Neupogen®, which is a protein therapy based on granulocyte colony- 
stimulating factor {see, p. 1, 2"'' para.). As a further example, the publication notes that six 
companies manufacture FDA-approved versions of human growth hormone (paragraph bridging 
pages 5-6). Since ACE2 is an endogenous protein in mammals and the present specification 
discloses the physiological role of ACE2, it would require only routine clinical studies to 
administer a therapeutically effective amount of an ACE2 polypeptide to an mammal having 
hypertension, congestive heart failure, chronic heart failure, acute heart failure, myocardial 
infarction, arteriosclerosis, renal failure, and/or lung disease, in order to treat the mammal as 
recited in the cvirrent claims. 

7. I have also reviewed the reference by Imai et al. {Nature, 436:112-116 (2005); IDS 
reference C61), which fiirther demonstrates that scientists can practice the currently claimed 
method based on the information provided in the present specification. Imai et al showed that 
injecting ACE2 knockout mice or acid-treated wild-type mice with a recombinant human ACE2 
protein protected the mice from severe acute lung injury (p. 112, col. 2; Figures 2(d)-(f)). Like 
the examples in the present specification, Imai et al. used an ACE2 knockout mouse model. Imai 
et al. also used a lung elastance assay as described in the specification {see p. 40, In. 12-20), and 
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a route of administration (intraperitoneal injection) as disclosed in the specification (see p. 21, In. 
27-30). Thus, Imai et al. demonstrated a method of treating an ACE2 decreased state by 
administering to a mammal a therapeutically effective amount of ACE2 polypeptide. The results 
of Imai et al also provide additional evidence of the conserved function of ACE2 and the renin- 
angiotensin system because a human ACE2 protein was able to complement ACE2 function in 
mice. 

8. Studies by my research group at University Hospital Iimsbruck provide additional 
evidence that the currently claimed method can be practiced without undue experimentation. 
Attached to this declaration as Exhibit 4 is a research report ("Research Report") of work 
conducted by Alexander Lockinger and Benedikt Treml of my research group. This work was 
pharmacologically evaluated by Manfred Schuster and Hans Loibner of the firm Apeiron for 
which this work was conducted. This report describes a study of recombinant human soluble 
ACE2 (rhACE2) in a piglet acute respiratory distress syndrome (ARDS) model. 

9. The piglet ARDS model is a generally accepted animal model for the study of acute 
respiratory distress syndrome. ARDS was induced by continuous infusion of 50 ng/kg 
lipopolysaccharide (LPS) for the duration of the experiment and further 1 - 3 LPS bolus 
injections of 50 |J.g/kg each (Research Report, p. 1, para. 2). The average LPS quantity 
administered was 319 fig/kg and nearly equally distributed over both groups (Research Report, p. 
1, para. 2). An ACE2 polypeptide, rhACE2, was administered as a central venous bolus injection 
at a dose of 100 |J,g/kg following the last LPS bolus injection and 120 minutes fi-om the start of 
the continuous LPS infusion (Research Report, p. 1, para. 2). Intravenous injection is a route of 
administration disclosed in the present specification {see p. 21, In. 27-30). The rhACE2 bolus 
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injections were well tolerated and did not show any apparent side effects (Research Report, p. 1, 
para. 3). Several hemodynamic parameters as well as pharmacokinetics were investigated in the 
piglet ARDS model. 

10. Initial studies showed that rhACE2 had a half-life time in the piglet ARDS model of 77 
minutes (Research Report, p. 1, para. 4; Figxire 1). 

11. Following treatment with rliACE2, pulmonary arterial pressure (PAP) stabilized or even 
decreased slightly in the rhACE2 treated group, while the control group showed a nearly 15% 
increase in PAP (Research Report, p. 2, para. 1; Figure 2). Systolic arterial pressure (SAP) was 
also measured. The control group showed an increase in SAP up to 12%, whereas after rhACE2 
injection a stabilization and 5% decrease in SAP was observed (Research Report, p. 2, para. 2; 
Figure 3). The difference between the control and rhACE2 treatment groups was significant 
(Research Report, p. 2, para. 2). 

12. Oxygen concentration was measured in arterial and venous blood samples taken from the 
piglets every 30 minutes (Research Report, p. 3, para. 1). Values are displayed in Figure 4 of the 
Research Report. Oxygen concentration decreased in arterial and venous blood in both groups 
(Research Report, p. 3, para. 1; Figure 4). A potential stabilization of arterial as well as venous 
oxygen concentration in the group receiving rhACE2, which might be observed first in the 
venous, later in the arterial blood, did not reach statistical significance in this study and will have 
to be confirmed in further experiments. 

13. In view of the rat and mouse animal model studies in the specification showing the role of 
ACE2 in cardiac, lung, and kidney diseases; the disclosed similarities of the rat, mouse, and 
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human ACE2 structure and function; and the teaching in the specification that an ACE2 
decreased state, such as cardiac, lung, and kidney disease, may be treated by administering to an 
animal in need thereof an effective amount of an agent that can increase the expression of ACE2; 
I believe that at the time the application was filed the inventors of the present application were in 
possession of a method of treating an ACE2 decreased state comprising administering to a 
mammal having hypertension, congestive heart failure, chronic heart failure, acute heart failure, 
myocardial infarction, arteriosclerosis, renal failure, and/or lung disease, a therapeutically 
effective amount of an ACE2 polypeptide. 

14. Furthermore, in view of the rat and mouse animal model studies in the specification 
showing the role of ACE2 in cardiac, lung, and kidney diseases; the disclosed similarities of the 
rat, mouse, and human ACE2 structure and function; and the teaching in the specification that an 
ACE2 decreased state, such as cardiac, lung, and kidney disease, may be treated by administering 
to an animal in need thereof an effective amount of an agent that can increase the expression of 
ACE2; I believe that the currently claimed method of treatment could be practiced without undue 
experimentation in any mammal in need of such treatment. This is confirmed by the 
demonstration by Imai et al. that injecting ACE2 knockout mice or acid-treated wild-type mice 
with a rhACE2 protein protected the mice from severe acute lung injury; and the study in the 
piglet ARDS model showing that rhACE2 protein therapy stabilized or even decreased both 
pulmonary arterial pressure and systolic arterial pressure. 
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15.1 declare that all statements made of my knowledge are true and all statements made on the 
inforaiation out believed to be true; and, fiirther that these statements were made wifli knowledge 
ttiat wfllfid Mse statqafots mi f>«e IHce so made atepunisbaMe by fine carimprisopmeat or bofli, 
under § 1001 of Title 18 of the United States Code, and liat such willfa false statements may 
jeopardize the validity of this spplicalion or any patait issaj^d tbeceupon. 



Date: J^llliljl^ 




NilodansNeu, MJ>. 
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GESmr ^ITEN 01 



EXHIBIT 1 



CURRICULUM VITAE 



Name: Nikolaus Neu 

Date of Birth: December 3rd, 1 957 in Mittelberg, Austria 

Nationality: Austrian 

Marital status: Married, 2 Children (born 1 985 and 1 987) 



Education 



1976.1982 University of Innsbruck, Medical School, Austria 

1 979. 1 982 University of Innsbruck, Department of Psychology, Austria 

1 979. 1 983 Teaching assistant University of Innsbruck, Medical School, Austria 
1 98 1 . 1 982 Research topics: - Characterization of MHC-specific antibodies 

- Immunogenetic analysis of autoimmune thyroiditis in 
animal models 
1982 Graduation from Medical School 



Postdoctoral Training and Employment History 



1982.1985 Research Fellow at the University of Innsbruck, Medical School 

Research topics - Immunogenetic analysis of autoimmune thyroiditis 
- Production and characterization of monoclonal 
antibodies identifying specific lymphocyte 
subpopulations 

1985-1987 Postdoctoral fellow at the Department of Immunology and Infectious Diseases 
(Prof Rose), 

The Johns Hopkins University, Baltimore, MD, USA. 
Faculty member at Johns Hopkins University since 1986. 
Research topic: Identification of mechanisms for autoimmunity using a 
mouse model of Coxsackievirus-induced myocarditis. 



Head of research group at the institute of pathology at the University of 
Innsbruck 

Research topic: - Mechanisms of autoimmunity in heart diseases 
- Clinical diagnosis of immune diseases 

Habilitation in the field of „Functional pathology" 
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1991.1997 Pediatrician at the University Hospital Innsbruck 

Main fields of interest: Neonatology and intensive care 

Hereditary immune diseases 
Bronchoscopy 

Head of the research project „Mechanisms of Antigen Recognition and 
therapeutic approaches in postinfectious Autoimmune Myocarditis" 

1998 Habilitation in the field of pediatry 

Appointed professor and senior physician at the department for intensive care 
in newborns, University Hospital Innsbruck 

since 2000 Head of the pediatric intensive care unit, University Hospital Innsbruck 



Miscellaneous 



Winner of several scientific awards 

- Keynote speaker at international meetings 

- Reviewer for international journals 

- Reviewer for scientific projects (Austrian Science Fund, EU-Projects, Israel Science 
Foundation) 



PUBLIKATIONSLISTE 
Nikolaus Neu 

ORIGINALARBEITEN: 

1. Neu N, Hala K, Wick G: „NaturaI" chicken antibodies to red blood cells are mainly 
directed against the B-G antigen, and their occurence is endependent of spontaneous 
autoimmune thyroiditis. Immunogenetics 1984; 19:269 

2. Neu N, Hala K, Dietrich H, Wick G: Spontaneous autoimmune thyroiditis in Obese strain 
chickens: A genetic analysis of target organ abnormalities. Clin. Immunol. Immunopathol. 
1985; 37:397 

3. KrSmer G, Schauenstein K, Neu N, Strieker K, Wick G: In vitro T cell hyperreactivity in 
Obese strain (OS) chickens is due to a defect in nonspecific suppressor mechanism(s). J. 
Immunol. 1985; 135:2458 

4. Neu N, Hala K, Dietrich H, Wick G: Genetic background of spontaneous autoimmune 
thyroiditis in the Obese strain of chickens studied in hybrids with an inbred line. Int. 
Archs. Allery appl. Immun. 1986; 80:168 

5. Hala K, Schauenstein K, Neu N, Kromer G, Wolf H, Bock G, Wick G: A monoclonal 
antibody reacting with a membrane determinant expressed on activated chicken T 
lyphocytes. Eur. J. Immunol. 1986; 16:1331 

6. Alvarez F, Neu N, Rose NR, Craig SW, Beisel KW: Heart-specific autoantibodies 
induced by Coxsackievirus B3: Identification of heart autoantigens. Clin. Immunol. 
Immunopathol. 1987; 43:129 

7. Neu N, Beisel KW, Traystman MD, Rose NR, Craig SW: Autoantibodies specific fort he 
cardiac myosin isoform are found in mice susceptible to Coxsackievirus B3-induced 
myocarditis. J. Immunol. 1987; 138:2488 

8. Neu N, Craig SW, Rose NR, Beisel KW: Coxsackievirus-induced autoimmune 
myocarditis in mice: cardiac myosin autoantibodies do not cross-react with the virus. Clin. 
Exp. Immunol. 1987; 69:566 

9. Neu N, Rose NR, Beisel KW, Herskowitz A, Gurri-Glass G, Craig SW: Cadiac myosin 
induces myocarditis in genetically predisposed mice. J. Immunol. 1987; 139:3630 

10. Kromer G, FSssIer R, Hdla K, B6ck G, Schauenstein K, Brezinschek HP, Neu N, Dietrich 
H, Jokober R, Wick G: Genetic analysis of extrathyroidal features of Obese strain (OS) 
chickens with spontaneous autoimmune thyroiditis. Eur. J. Immunol. 1988; 18:1499 

11. Kromer G,.Neu N, Kuhr T, Dietrich H, Fassler R, Hala K, Wick G: Immunogenetic 
analysfis of spontaneous autoimmune thyroiditis of Obese strain chickens. Clin. Immunol. 
Immunopathol. 1989; 52:202 

12. Neu N, Plpier B, Cfher C: Cardiac myosin-induced myocarditis. Myosin autoantibodies 
are not involved in the induction of the disease. J. Immunol. 1990; 145:4094 



13. Rabausch-Starz I, Neu N, Muller-Hennelink HK: Virusnachweis und pathologische 
Veranderungen in verschiedenen Phasen der Coxsackievirus B Myokarditis bei MSusen. 
Verb. Dtsch. Ges. Path. 1990; 74:398 

14. Neu N, Ploier B: Experimentally- induced autoimmune myocarditis: Production of heart 
myosin-specific autoantibodies within the inflammatory infiltrate. Autoimmunity 1991; 
8:317 

15. Pummerer CL, Berger P, Fruhwirth M, Oftier C, Neu N: Cellular infiltrate, MHC antigen 
expression and immunopathogenic mechanisms in cardiac myosin-induced myocarditis. 
Lab. Invest. 1991; 65:538 

16. Maczek C, Neu N, Wick G, Hala K: Target organ susceptibility and autoantibody 
production in an animal model of spontaneous autoimmune thyroiditis. Autoimmunity 

1992; 12:277 

1 7. Penninger JM, Neu N, Timms E, Wallace VA, Koh DR, Kishihara K, Pummerer CL, Mak 
TW: Induction of experimental autoimmune myocarditis in mice lacking CD4 or CD8 
melecules. J. Exp. Med. 1993; 178:1837 

1 8. Rabausch-Starz I, Schwaiger A, GrUnewald K, Muller-Hermelink HK, Neu N: Persistence 
of virus and viral genome in myocardium after Coxsackievirus B3-induced murine 
myocarditis. Clin. Exp. Immunol. 1994; 96:69 

19. Unsinn KM, Neu N, Krejci A, Posch A, Menardi G, GaBner I: Pallister-Hall syndrome 
and McKusick-Kaufmann syndrome: ohne entity? J. Med. Genet. 1995; 32:125 

20. Bachmaier K, Mair J, Offher F, Pummerer CL, Neu N: Serum cardiac troponin T and 
creatine kinase-MB elevations in murine autoimmune myocarditis. Circulation 1995; 
92:1927 

21. Pummerer CL, GrSssl G, Sailer M, Bachmaier KW, Penninger JM, Neu N: Cardiac 
myosin-induced myocarditis: Target recognition by autoreactive T cells requires prior 
activation of cardiac interstitial cells. Lab. Invest. 1996; 74:845 

22. Pummerer CL, Luze K, Grass! G, Bachmaier K, Offiier F, Burrell SK, Lenz DM, 
Zamborelli TJ, Penninger JM, Neu N: Identification of cardiac myosin peptides capable of 
inducing autoimmune myocarditis in BALB/c mice. J. Clin. Invest. 1996; 97:2057 

23. Bachmaier K, Pummerer CL, Shahinian A, lonescu J, Neu N, Mak TW, Penninger JM. 
Induction of autoimmunity in the absence of CD28 costimulation. J. Immunol. 1996; 

157:1752 

24. Bachmaier K, Pummerer CL, Kozieradzki I, Pfeffer K, Mak T, Neu N, Penninger JM: 
Low-molecular-weight tumor necrosis factor receptor p55 controls induction of 
autoimmune heart disease. Circulation 1997; 95:655 

25. Grass! G, Pummerer CL, Horak I, Neu N: Induction of autoimmune myocarditis in 
Interleukin-2 - deficient mice. Circulation 1997; 95:1773 

26. Bachmaier K, Neu N, Pummerer C, Duncan GS, Mak TW, Matsuyama T, Penninger JM: 
iNOS expression und nitrotyrosine formation in the myocardium in response to 



inflammation is controlled by the interferon regulatory transcription factor 1 . Circulation 
1997; 96:585-91 



27. Heitger A, Neu N, Kern H, Panzer-Grumayr ER, Greinlx H, Nachbaur D, Niederwieser D, 
Fink FM: Essential role of the thymus to reconstitute naive (CD45RA+) T helper cells 
after human allogeneic bone marrow transplantation. Blood 1997; 90:850 

28. Heitger A, Maurer K, Neu N, Fink FM: Capillary leak syndrome in a patient with 
septicemia and granulocyte-colony-stimulating factor (G-CSF)-induced accelerated 
granulopoiesis. Med. Pediatr. Oncol. 1998; 31:126 

29. Bachmaier K, Neu N, de la Maza LM, Pal S, Hessel A, Penninger JM: Chlamydia 
infections and heart disease linked through antigenic mimicry. Science 1999; 283:1335 

30. Bachmaier K, Neu N, Yeung RS, Mak TW, Liu P, Penninger JM. Generation of 
humanized mice susceptible to peptide-induced inflammatory heart disease. Circulation. 
1999; 99:1885 

31 . Janecke AR, Unsinn K, Kreczy A, Baldissera I, Gassner I, Neu N, Utermann G, Muller T: 
Adducted thumb-club foot syndrome in sibs of a consanguineous Austrian family . J. Med. 

Genet. 2001; 38:265 

32. Fruhwirth M, Clodi K, Heitger A, Neu N: Lymphocyte diversity in a 9-year-old boy with 
idiopathic CD4+ T cell lymphocytopenia. Int. Arch. Allergy Immunol. 2001; 125:80 

33. Geiger R, Pajk W, Neu N, Maier S, Kleinsasser A, Fratz S, Navarro-Psiha S, Fischer V, 
Treml B, Loeckinger A: Tezosentan decreases pulmonary artery pressure and improves 
survival rate in an animal model of meconium aspiration. Pediatr. Res. 2006; 59:147 



UBERSICHTSARBEITEN: 

1 . Wick G, Most J, Schauenstein K, Kr6mer G, Dietrich H, Ziemiecki A, Fassler R, Schwarz 
S, Neu N, Hala K. Spontaneous autoimmune thyroiditis - a bird's eye view. Immunology 
Today 1985; 6:359 

2. Wick G, KrSmer G, Neu N, Fassler R, Ziemiecki A, Muller RG, Ginzel M, Beladi I, KUhr 
T, Hdla K: The multi-factorial pathogenesis of autoimmune disease. Immunology Letters 
1987; 16:249 

3. Rose NR, Herskowitz A, Neumann DA, Neu N: Autoimmune myocarditis: a paradigm of 
post-infection autoimmune disease. Immunology Today 1988; 9:1 17 

4. KrOmer G, Gastinel LN, Neu N, Auffray Ch, Wick G: How many genes code for organ- 
specific autoimmunity? Autoimmunity 1990; 6:215 

5. Neu N, Klieber R, Fruhwirth M, Berger P: Cardiac myosin-induced myocarditis as a 
model for post-infectious autoimmunity. Eur. Heart. J. 1991; 12:1 17 

6. Neu N, Pummerer CL, Rieker T, Berger P: T cells in cardiac myosin-induced myocarditis. 
Clin. Immunol. Immunopathol. 1993; 68:107 

7. Pummerer CL, Grassl G, Neu N: Cellular mechanisms in myosin-induced myocarditis. 



E. Heart J. 1995; 16:71 



8. Penninger JM, Neu N, Bachmaier K: A genetic map of autoimmune heart disease. The 
Immunologist 1996; 4:131 

9. Penninger JM, Liu P, Pummerer CL, Neu N, Bachmaier K: Cellular and molecular 
mechanisms in murine autoimmune myocarditis. APMIS 1997; 105:13 



BUCHBEITRAGE: 

1. Rose NR, Beisel KW, Herskowitz A, Neu N, Wolfgram LJ, Alvarez F, Traystman MD, 
Craig SW: Cardiac myosin and autoimmune myocarditis. In: Autoimmunity and 
Autoimmune disease. D. Everet (Ed.), CIBA Foundation Symposium 129, Wiley, 
Chicester 1986; pp 3-24 

2. Kuppers RC, Neu N, Rose NR. Animal models of autoimmune thyroid disease. Farid NR 
(Ed.) Liss AR, Inc., New York 1988; pp 1 1 1-131 

3. Rose NR, Neu N, Neumann DA, Herskowitz A: Myocarditis: A postinfectious 
autoimmune disease. In: New Concepts in Viral Heart Disease. SchultheiU HP (Ed), 
Springer Verlag Berlin-Heidelberg 1988; pp 139-147 

4. Neu N, KrSmer G, Ploier B, Rose NR: Is Coxsackievirus B3-induced myocarditis in A/J 
mice mediated by an autoimmune response to cardiac myosin? In: New Concepts in Viral 
Heart Disease, SchultheiB HP (Ed.), Springer Verlag-Heidelberg 1988; pp 160-167 

5. Holter W, Neu N: Morphologic und Funktion des spezifischen Immunsystems. In: 
Padiatrische HSmatologie und Onkologie, Gadner, Gaedike, Miemeyer, Ritter (Ed.), 
Springer Medizin Verlag Heidelberg 2006; pp 237-245 



EXHIBIT 2 



CMLS, Cell. Mol. Life Sci. 61 (2004) 2714-2719 

1420-682X/04/2127I4-06 l/«njll e 

DOi 10.1007/sooo 18-004-4241 -6 lUIVILo Cellular and Molecular Life Sciences 

© Birkhauser Verlag, Basel, 2004 



Physiological roles of angiotensin-converting enzyme 2 

U. Danilczyk" *, U. Eriksson', G. Y. Oudit" and J. M. Penninger" " * 

° Departments of Medical Biophysics and Immunology, University of Toronto, 620 University Avenue, 
Toronto MSG 2C1, Ontario (Canada) 

IMBA, Institute for Molecular Biotechnology of the Austrian Academy of Sciences, Dr. Bohr Gasse 7, 1030 Vienna 
(Austria), Fax: +43 1 79730 459, e-mail: josef penninger@imba.oeaw.ac.at 

' Departments of Research and Internal Medicine, Basel University Hospital, 403 1 Basel (Switzerland) 

Faculty of Medicine, Heart and Stroke/Richard Lewar Centre of Excellence, Fitzgerald Building, University 
of Toronto, Rm 68, 150 College St., Toronto M5S 2E3, Ontario (Canada) 



Abstract. Angiotensin-converting enzyme 2 (ACE2) is a 
recently discovered homologue of the key enzyme of the 
renin-angiotensin system, the angiotensin-converting en- 
zyme. The ACE2 enzyme is mainly expressed in cardiac 
blood vessels and tubular epithelia of the kidneys. To- 
gether with ACEl's unique metallocarboxypeptidase ac- 
tivity, the restricted tissue distribution suggests a distinc- 
tive physiological flmction in blood pressure, blood flow 
and fluid regulation. The ace2 gene was mapped to quan- 
titative trait loci affecting susceptibility to hypertension 



in rats. Furthermore, ACE2 appears to be a negative reg- 
ulator of ACE in the heart. ACE2 messenger RNA and 
protein levels are substantially regulated in the kidney of 
diabetic and pregnant rats. The mechanism of ACE2 
function and its physiologic significance are not yet fully 
understood; however, as ACE2 differs in its specificity 
and physiological role from ACE, this opens a new po- 
tential venue for drug discovery aimed at cardiovascular 
disease, hypertension and diabetic complications. 



Key words. Angiotensin-converting enzyme 2; knockout mice; renin-angiotensin system. 



Introduction 

For the last 50 years, angiotensin-converting enzyme 
(ACE) has assumed a central position in the renin-an- 
giotensin system (RAS). The RAS is a major regulatory 
network that maintains blood pressure, fluid and elec- 
trolyte balance and electrolyte homeostasis. ACE func- 
tions primarily as a 'peptidyl dipeptidase', removing 
dipeptides from the C-terminus of peptide substrates [1]. 
Its primary substrate was identified as angiotensin I. ACE 
processes the decapeptide angiotensin I to the eight- 
amino-acid peptide angiotensin II, which functions as a 
strong vasoconstrictor. In parallel, ACE also inactivates 
the vasodilator peptides bradykinin and kallidin, and thus 
potentiates the vasopressor response mediated by an- 
giotensin II [I]. Inhibition of ACE's enzymatic activity 
has a powerfLil effect in reduction of blood pressure; thus 
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small molecule inhibitors of human endothelial ACE are 
used for antihypertensive therapies [2], In addition to 
their effectiveness in treating hypertension, ACE in- 
hibitors have been found to lower the risk of coronary 
heart disease and stroke. Furthermore, they improve the 
prognosis of patients with cardiac failure and diabetic 
nephropathy (for review, see [3]). 
With the discovery of ACE 2/ACEH by Donoghue [4] and 
Tipins [5], a new level of complexity was added to the 
RAS. The ACE2 gene is located in the region of the X 
chromosome (Xp22), which maps to quantitative trait 
loci (QTL) in hypertensive rats [6-8]. Consistent with a 
possible role in cardiorenal function, ACE2 was found to 
be predominantly expressed in endothelia of the heart and 
in tubular epithelia of the kidney [4, 5], In humans, ACE2 
was also found in the gastrointestinal tract [9]. Addition- 
ally, in mouse, ACE2 has been detected in lungs [10]. 
While ACE and ACE2 protein are similar in their metal- 
loprotease catalytic domains, they differ in their substrate 
specificity [11]. Analysis of ACE2 expression and the 
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physiological role of its substrates suggest that ACE2 
may act as a tissue-specific negative feedback regulator 
of the RAS [3]. Furthermore, the differences observed in 
phenotype between the genetically engineered ace and 
acel mice [ 1 2] all suggest a role for ACE2 in heart patho- 
physiology. Moreover, since it has been shown that ACE2 
acts not only on the angiotensin I and angiotensin II pep- 
tides, but also efficiently cleaves the C-terminal residues 
from several other peptides such as apelin-13 and dynor- 
phin A 1-13, unrelated to angiotensin I [4], ACE2 func- 
tion may not be limited only to RAS. 



Substrate specificity of ACE2 

In the classic pathway of RAS, angiotensin 1 is generated 
from the circulating precursor angiotensinogen by the ac- 
tion of renin, an enzyme secreted from juxtaglomerular 
cells at the renal afferent arterioles [13]. Angiotensin I 
has little effect on blood pressure and is converted by 
ACE to angiotensin II. Angiotensin II, a potent vasopres- 
sor, acts on the blood vessels and the kidneys by binding 
to the G-protein-coupled receptors AT, and ATj. In con- 
trast, ACE2 cleaves the C-terminal amino acid of an- 
giotensin I to a nonapeptide angiotensin I -9 [4], In rat 
and human plasma angiotensin 1 -9 levels are twice those 
of angiotensin II [14, 15], and angiotensin 1-9 accumu- 
lates in animals treated with ACE inhibitors [16]. The bi- 
ological fimction of angiotensin 1 -9 is still not well de- 
fined. However, angiotensin 1 -9 is thought to potentiate 
angiotensin Il-mediated vasoconstriction in isolated rat 
aortic rings and to have pressor effects in awake rats [17]. 



Angiotensin 1 -9 was also shown to have weak pressor ef- 
fects in anesthetized rats and dogs, and vasoconstricting 
activity in isolated rat aorta [17]. 
ACE2 directly converts angiotensin II to angiotensin I -7 
[4, 18]. In animals, angiotensin 1 -7 has been proposed to 
be an important regulator of cardiovascular ftinction, pro- 
moting vasodilatation, apoptosis and growth arrest [19, 
20]. However, its functional significance in humans is still 
controversial. Aside from the degradation of the vasocon- 
strictor angiotensin II, the formation of the vasodilatatory 
angiotensin 1-7 might reflect the negative regulatory 
function of ACE2 in the presence of an activated RAS. 
In addition to its activity as angiotensin-converting en- 
zyme, ACE2 can remove in in vitro assays the C-terminal 
residue from other vasoactive peptides, including neu- 
rotensin, kinetensin (a neurotensin-related peptide) and 
des-Arg bradykinin (fig. 1). The kinin metabolites, des- 
Arg'^-kallidin (des-Arg'^-Lys'-bradykinin) and des-Arg'- 
bradykinin activate the G-protein-coupled B, receptor 
[21], which is upregulated in response to tissue injury and 
may be important in mediating inflammatory responses. 
Furthermore, ACE2 also acts on apelin-13 and apelin-36 
peptides with high catalytic efficiency [18]. These two 
forms of apelin were recently identified as endogenous 
ligands for the human APJ receptor, which is a homolog 
of the angiotensin receptor ATI [22]. The role of the 
apelins is not fully understood. Whereas systemic admin- 
istration of apelin-13 promotes hypotension in rats [23], 
it has been shown that apelin-13 promotes vasoconstric- 
tion in endothelium-denuded coronary arteries [23], In- 
traperitoneal injection of apelin-13 in rats increases water 
intake [23]. Two opioid peptides, dynorphin A 1 - 13 and 
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Figure 1 . Hypothetical model of ACE and ACE2 functions. Angiotensin I serves as a substrate for both ACE and ACE2. Angiotensin 11 is 
known to act as vasoconstrictor in vivo. The function of Angiotensin (1-9) is still not well understood. Both ACE and ACE2 are involved 
in the production of the vasodilator peptide angiotensin (1-7). From genetic experiments it appears that ACE and ACE2 have comple- 
mentary functions by negatively regulating each other in the RAS. 
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Table 1, ACE2 ftinotions a 



ACE2 substrates/products 



a carboxymonopeptidase with a preference for C-terminal hydrophobic or basic residues. The ACE2 sub- 
ved by ACE2 (underline) and the receptors of some of the ACE2 substrates are indicated. The physiological 

defined. 



Angiotensin I 

AspArg Val Thr lie His Pro Phe His Len 
Angiotensin 11 

AspArg Val Tyr lie His Pro Phe 
Apelin-36 

c-lerm-Gin Arg Pro Arg Leu Ser His 
Lys Cly Pro Met Pro Phe 
Apelin-13 

Gin Arg Pro Arg Leu Ser His Lys Gly Pro Met Pro Phe 

[Des-Arg]«Bradykinin 

Arg Pro Pro Gly PIte Ser Pro Phe 

Lys [Des-ArgJ'Bradykinin 

Lys Arg Pro Pro Gly Phe Ser Pro Plie 

Neurotensin 

pGlu-Leu Tyr Glu Asn Lys Pro Arg 
Dynorphin A 

Tyr Gly Gly Phe Leu Arg Arg lie Arg Pro Lys Leu 

B casamophin 

Tyr Pro Phe Vat Glu Pro He 



G-protein-coupled 
receptors AT, andATj 
APJ receptor 
(homolog of AT|) 



G-protein-coupled 
receptors B, 



kapa and delta G-protein- 
coupled opioid receptor 



unknown/vasoconstrictor? 



vasoconstrictor/vasodilator 



vasoconstriction, vasodilation, w 
intake/inactive product 



tissue injury/inflammatory 
responses/inactive product 



/3-casamorphin are also substrates of ACE2 [18] (table 1). 
These peptides activate kappa and delta G-protein opioid 
receptors that regulate pain perception and among other 
functions may have negative effects on cardiomyocyte 
contractility [24], ACE2, however, failed to cleave 
bradykinin and 1 5 other unrelated vasoactive and hor- 
monal peptides [4]. Although the biological peptides an- 
giotensin 11, apelin-13, dynorphin A 1-13 and des-Arg'- 
bradykinin are good ACE2 substrates in vitro, their role 
as physiological substrates of ACE2 is still unclear. 



ACE2 and blood pressure 

Based on the potential in vivo functions of angiotensin 
1-9, angiotensin 1-7 and des-Arg bradykinin, it is 
tempting to speculate that ACE2 plays a role in the regu- 
lation of blood pressure homeostasis (fig. 1). Indeed, the 
ace2 gene is located in the region of the X chromosome 
(Xp22), which maps to a QTL in the Sabra, SHR and 
SHRSP rat models of hypertension [6-8, 25]. These 
QTLs carry a significant logarithm-of-the-odds score that 
suggests the presence of a hypertension-related gene 
within the chromosomal span demarcated by the QTLs. 
In the Sabra rat model of salt-sensitive hypertension, 
ACE2 messenger RNA (mRNA) and protein levels are di- 
minished in the hypertension-prone SBH/y strain when 
compared with the hypertension-resistant SBN/y strain 
[6]. Basehne systolic blood pressure is 10-20 mmHg 
higher in the Sabra hypertension-prone SBH/y strain than 
in hypertension-resistant SBN/y rats. [7] Also, during salt 



loading, ACE2 levels are diminished even further in 
SBH/y animals, which become overtly hypertensive, 
whereas the levels remain unchanged in SBN/y rats, 
which remain normotensive [6, 7]. Spontaneously hyper- 
tensive rats (SHR) and spontaneously hypertensive 
stroke-prone rats (SHRSP) develop hypertension without 
an apparent external hypertensive stimulus. ACE2 ex- 
pression is consistently lower in both hypertensive SHR 
and SHRSP strains compared to the normotensive Wistar 
Kyoto (WKY) control rats [26]. In all of these rat models 
of hypertension, ACE2 mRNA and protein levels were 
greatly reduced in the kidneys in association with in- 
creased blood pressure [6]. 

These genetic data together with the in vitro biochemical 
data imply a pathophysiologic role of ACE2 in essential 
hypertension. It is thought that a reduction in ACE2 lev- 
els results in impaired degradation of angiotensin II, and 
reduced formation of vasodilator by-products on the level 
of the kidney endothelium, thus promoting a blood pres- 
sure increase [26]. However, the in vivo studies of two re- 
cent knockout mice report conflicting results. Crackower 
et al. report that ace2 null mice do not show increased 
blood pressure compared with control littermates, despite 
increased angiotensin II plasma and tissue levels [6]. In 
fact, at 6 months of age, male ace2 knockout mice had re- 
duced blood pressure as measured using the tail-cuff 
technique in conscious restrained mice [6]. These results 
were confirmed using invasive hemodynamic measure- 
ment in anesthetized ace2 null mice that showed reduced 
systolic blood pressure and mean blood pressure as com- 
pared with littermate controls [27]. However, since this 
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reduction in blood pressure coincided with impaired car- 
diac function, it is difficult to separate these independent 
effects on systemic vascular response in acel null mice. 
In contrast, Allred et al. [28] reported slightly elevated 
baseline blood pressure levels in a second knockout 
mouse line lacking the acel gene. These acel null mice 
also showed a significantly enhanced vasopressor re- 
sponse upon angiotensin II infusion compared to wild- 
type controls. The higher baseline blood pressure in ace2- 
deficientmice is consistent with the findings in the Sabra 
model, in which SBH/y with the lower ACE2 expression 
display higher baseline blood pressure [26]. 
However, blocking ACE2 by the strong peptide inhibitor 
DX5 1 2 in spontaneously hypertensive rats results in a 
dose-dependent blood pressure decrease and reflex tachy- 
cardia with the maximal average depressor response at 
70.5 ± 4.6 mm Hg from an average mean arterial pressure 
of 155 ± 10 mm Hg at baseline [17]. This in vivo demon- 
stration of the antihypertensive effect of an ACE2 in- 
hibitor contradicts Allred's observation of increased 
blood pressure in ace2 null mice. However, since essen- 
tial hypertension depends on the concerted contribution 
of multiple genetic and environmental factors, the con- 
flicting data from in vivo studies with ACE2 antagonists 
and acel null mice might reflect effects of genetic back- 
ground, age, gender and experimental setup [27]. 
Taken together, it still remains unclear what the net effect 
is of the interplay between angiotensin II and the ACE2- 
mediated peptides angiotensin 1 -7 and angiotensin 1 -9. 
It has to be clarified whether, in the relative absence of 
ACE2, an angiotensin II effect predominates, leading to 
vasoconstriction and hypertension, or whether compen- 
sating mechanisms maintain normal or lower blood pres- 
sure dependent on defined genetic backgrounds. The 
mechanism that regulates blood pressure through the pro- 
duction of angiotensin II was thought to be well under- 
stood, but given the complexity of the systems involve4 
additional studies on mutant mice and specific blocking 
agents are needed to further our understanding of the 
physiologic role of ACE2 in blood pressure regulation. 



Loss of ACE2 impairs heart function 

Experiments with inhibitors of ACE and angiotensin II 
receptors suggest the involvement of the RAS in the reg- 
ulation of heart function and cardiac hypertrophy. How- 
ever, neither ace [29,30] nor angiotensinogen [31] defi- 
cient mice show defects in heart development or are 
prone to heart disease. In contrast, ace2 deficient mice 
exhibit a reduction in cardiac contractility and a signifi- 
cant decrease in aortic and ventricular pressure [6], 
Therefore, ACE2 appears to be an important regulator of 
heart ftinction in vivo. The observed phenotype closely 
resembles cardiac stunning/hibernation in human and 
animal models [32]. Cardiac stunning and hibernation re- 



flect adaptive responses to prolonged tissue hypoxia that 
occurs in coronary artery disease or following bypass 
surgery [33]. Accordingly, the hearts of ace2 null mice 
show upregulation of mRNA expression of hypoxia-in- 
ducible genes such as BNIP3 [34] and PA!-1 [35]. The 
magnitude of increased expression of these hypoxia-in- 
ducible genes resembles previously observed levels in 
other hypoxic models, such as myocyte-specific vascular 
endothelial growth factor mutant mice [36]. 
Interestingly, ablation of ACE expression on an ace2 mu- 
tant background completely abolished the cardiac dys- 
function phenotype of ace2 single knockout mice [6]. In 
fact, the heart function of ace/ace2 double mutant mice 
was similar to ace single mutant and wild-type littermates. 
The normal cardiac functions of ace/ace2 double mutant 
mice suggest that an ACE product, most likely angiotensin 
II, accounts for the observed cardiac dysfunction of ace2 
single mutant mice. In fact, cardiac myocytes express an- 
giotensin II receptors and undergo hypertrophy in re- 
sponse to angiotensin 11, Taken together, it is intriguing to 
speculate that an excess in the vascular tone of ace2 null 
hearts due to unopposed angiotensin Il-mediated effects is 
responsible for the observed heart phenotype. 



Renal function of ACE2 

In the kidneys the local RAS plays a significant role in the 
control of organ function and blood pressure regulation. 
Reduction in systemic blood pressure, decrease in extra- 
cellular volume and pathophysiologic conditions affect- 
ing the renal arteries all result in reduced glomerular fil- 
tration and decreased amounts of sodium entering the 
proximal tubuli. As a result, renin secretion is stimulated 
in the kidneys. This mechanism, termed tubuloglomeru- 
lar feedback (see [37] for review) ultimately results in in- 
creased angiotensin II and aldosteron production, coun- 
terbalancing reduced blood pressure and/or a decreased 
extracellular volume. 

Within the kidney, ACE2 has a distribution similar to 
ACE. ACE2 is present in distal tubules and to a much 
lesser extent in glomeruli, as assessed by both gene and 
protein expression [38]. ACE2 levels are reduced in ex- 
perimental diabetic nephropathy [38], In the context of 
essential hypertension, previous studies demonstrated 
that the ACE2 product angiotensin 1 -7 counteracting the 
pressor, trophic and antinatriuretic actions of angiotensin 
II was elevated in untreated essential hypertensive sub- 
jects [39]. In pregnant rats angiotensin 1 -7 levels are in- 
creased in association with increased ACE2 expression, 
suggesting that ACE2 may contribute to the local produc- 
tion and overexpression of angiotensin I - 7 in the kidney 
[40]. Taken together, these findings suggest that an- 
giotensin 1-7 might be a critical link in mediating the 
negative regulatory feedback between ACE and ACE2. 
From a more general point of view, it is possible that the 
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relative balance of vasoconstrictor and vasodilatory an- 
giotensin peptides modulates both hemodynamic and 
trophic effects within the kidney. Nevertheless, the physi- 
ological role of ACE2 remains to be determined. Of note, 
ace2 deficient mice have normal renal medullar develop- 
ment and normal renal achitecture [6]. So far, it is not 
known whether ace2 null mice exhibit functional alter- 
ations in terms of altered tubuloglomerular feedback 
mechanism, urine concentration or electrolyte balance. 



Concluding remarks 

Almost 50 years after the discovery of ACE, our under- 
standing of the pathways contributing to the formation of 
biologically active forms of angiotensinogen peptides are 
challenged with the discovery of ACE2. It has become 
apparent that additional intermediates are involved in a 
feedback regulation of the RAS, Furthermore, ACE2 was 
shown to function not only in the metabolism of an- 
giotensin I but also in the catalysis of opioid peptides, 
apelin, neurotensin and kinetensin. In addition, ACE2 has 
gained recognition as an important regulatory enzyme in 
blood vessels supplying the heart and in the arterioles and 
tubules of the kidneys. High blood pressure is a major 
risk factor for myocardial infarction, cerebrovascular dis- 
ease and stroke. The elucidation of the physiological role 
of ACE2 and the characterization of ACE2 substrates and 
its products may ultimately lead to the development of 
new therapeutics against hypertension and heart failure. 
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Angiotensin-Converting Enzyme II in the Heart and 
the Kidney 

Ursula Danilczyk, Josef M. Penninger 

Abstract — The renin-angiotensin system (RAS) has been recognized for many years as critical pathway for blood pressure 
control and kidney functions. Although most of the well-known cardiovascular and renal effects of RAS are attributed 
to angiotensin-converting enzyme (ACE), much less is known about the function of ACE2. Experiments using 
genetically modified mice and inhibitor studies have shown that ACE2 counterbalances the functions of ACE and that 
the balance between these two proteases determines local and systemic levels of RAS peptides such as angiotensin II 
and angiotensin 1-7. Ace2 mutant mice exhibit progressive impairment of heait contractility at advanced ages, a 
phenotype that can be reverted by loss of ACE, suggesting that these enzymes directly control heart function. Moreover, 
ACE2 is also found to be upregulated in failing hearts. In the kidney, ACE2 protein levels are significantly decreased 
in hypertensive rats, suggesting a negative regulatory role of ACE2 in blood pressure control. Moreover, ACE2 
expression is downregulated in the kidneys of diabetic and pregnant rats and ACE2 mutant mice develop late onset 
glomerulonephritis resembling diabetic nephropathy. Importantly, ACE2 not only controls angiotensin II levels but 
functions as a protease on additional molecular targets that could contribute to the observed in vivo phenotypes of ACE2 
mutant mice. Thus, ACE2 seems to be a molecule that has protective roles in heart and kidney. The development of 
drugs that could activate ACE2 function would allow extending our treatment options in diabetic nephropathy, heart 
failure, or hypertension. {Ore Res. 2006;98:463-471.) 

Key Words: angiotensin-converting enzyme 2 ■ knockout mice ■ renin-angiotensin system 



The renin-angioten.sin system (RAS) has been studied for 
more than a century. Angiotensin 11 (Ang 11), its main 
active peptide, exerts a plethora of effects on several target 
organs, including blood vessels, kidney, and heart, and 
influences many physiological functions, such as blood pres- 
sure, fluid and electrolyte balance, and electrolyte homeosta- 
sis.' In animal models, administration of exogenous Ang II, in 
addition to its effect on blood pressure, is known to cause 



necrotic cardiac, arterial, and renal lesions,- inhibit fibrino- 
lysis,' stimulate foiTnation of reactive oxygen species,'' and 
induce apoptosis.-"^ Endogenous Ang II excess plays a key role 
in congestive heart failure and ischemic heart disease.*' 
Although the role of Ang II in various physiological and 
pathophysiological processes has been studied in numerous 
systems, assessment of how endogenous levels of Ang 11 are 
regulated by the opposing action of two carboxypeptidases. 
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ACE2-regulated pathways. Both ACE and ACE2 are involved in 
the production of the biologically active peptides Ang II and 
Ang1-7 from Ang I. Elevated levels of Ang II are l<nown to be 
detrimental to the function of heart and l<idney. The function of 
Ang1-9 is not well understood. The emerging picture of Ang1-7 
function is of a key peptide involved in cardioprotection and 
renoprotection. From genetic experiments, it appears that ACE 
and ACE2 have complementary functions by negatively regulat- 
ing different RAS products. The fine details of their regulatory 
function may differ depending on the local RAS environment. 

angiotensin-converting enzyme (ACE) and ACE2, began 
only recently to unravel. ACE functions primarily as a 
"peptidyl dipeptidase," removing dipeptides from the C 
terminus of peptide substrates.* Its primai7 substrate was 
identified as Ang I. ACE processes the decapeptide Ang I to 
the 8-amino acid (aa) peptide Ang 11 (Figure). In contrast, 
ACE2 cleaves only a single amino acid from the C terminus 
of any given substrate. The role of ACE in regulation of 
cardiovascular function, fluid and electrolyte homeostasis is 
well established. Several small molecule inhibitors of human 
ACE are used for antihypertensive therapies,' lowering the 
risk of coronary heart disease and stroke, and treatments of 
cardiac failure and diabetic nephropathy.'" Much less is 
known about the physiological function of ACE2. 

ACE2 was initially found to be expressed in endothelia of 
the heart and in tubular epithelial cells of the kidney."-'^ 
Subsequent studies using quantitative polymerase chain reac- 
tion have shown that ACE2 gene expression also occurs in 
the gastrointestinal tract'^ and, to a lesser extent, in other 
organs such as lungs.'" Experiments showing that old ACE2- 
deficient mice develop progressively impaired heart functions 
that can be rescued by the loss of ACE have provided 
evidence for the direct involvement of the RAS in the 
modulation of cardiac contractility. Additionally, the 
observation of ventricular trachycardia and heart block in 
ACE2 transgenic mice suggested a role of RAS in ventricular 
remodeling, supporting the clinical observations that ACE 
inhibitors have beneficial effects on cardiac remodeling and 
heart failure" In addition to the heart, the RAS plays an 
important role in "the control of kidney function. For 
instance, ACE inhibitors and Ang II receptor antagonists can 
confer renoprotection in experimental and human diabetic 
nephropathy. High expression levels of ACE2 in the 
normal kidney,'^"-^' together with the observations of re- 
duced levels of ACE2 in diabetic rats^- and in human kidney 
diseases,^-^ imply ACE2 involvement in kidney physiology 
and pathophysiology. In line with these observations, ACE2 



mutant mice exhibit late-onset glomerulosclerosis and renal 
protein leakage.^'' Moreover, because it has been shown that 
ACE2 acts not only on Ang I and Ang II peptides, but also 
efficiently cleaves the C-terminal residues from several un- 
related peptides such as apelin-13 or dynorphinA.'^.^.^ ACE2 
functions may not be limited only to the RAS. 

Balancing the RAS Pathway 

In the classic pathway of RAS, Ang II is a product of a 
"peptidyl dipeptidase" ACE. In this process, the decapeptide 
Ang I is converted by ACE to Ang II (Figure). Ang 1 is 
generated from the circulating precursor angiotensinogen 
(ACT) by the action of renin, an enzyme secreted from by 
juxtaglomerular cells at the renal afferent arterioles,-* Ang II 
plays a central role as a potent regulator of fluid volumes, 
blood pressure regulation, and cardiovascular remodeling by 
binding to the Ang II G-protein-coupled receptors type 1 
(AT,) and type 2 (ATj).'" The majority of the cardiac and 
renal actions of Ang II are mediated by the AT, receptor, 
including vascular smooth muscle contraction, aldosterone 
secretion, dipsogenic responses, adrenergic stimulation, renal 
sodium reabsorption, and pressor and chronotropic respons- 
es.'" Ang II also binds to AT, receptors, inducing a counter- 
regulatory vasodilatation that is largely mediated by brady- 
kinin and NO.-'' The emerging picture of ACE2 function is of 
a key enzyme catalyzing the cleavage of both Ang 1 and Ang 
II. ACE2 cleaves the C-termina! amino acid of Ang I to the 
nonapeptide angiotensin 1-9 (Angl-9).'2 Angl-9 is thought 
to potentiate Ang 11-mediated vasoconstriction in isolated rat 
aortic rings and to have vasopressor effects in conscious 
rats.^'' In rat and human plasma, Angl-9 levels are twice 
those of Ang II,-''-" and Angl-9 accumulates in animals 
treated with ACE inhibitors.^' Also, Angl-9 was found to 
augment bradykinin action on its B2 receptor by probably 
inducing conformational changes in the ACE/B2 receptor 
complex via interaction with ACE.'" The biological function 
of Angl-9 in heart and kidney is still not well defined. ACE2 
also directly converts Ang II to Angl-?,'^.^'--" in animals, 
Ang I -7 has been proposed to be an important regulator of 
cardiovascular and renal function promoting vasodilatation, 
apoptosis, and growth arrest.'"' '^ It is important to note that 
ACE and ACE2 are not the only enzymes involved in the 
RAS pathway; for example, chymases convert Ang I to Ang 
II, and other angiotensinases are known to hydrolyze Ang I to 
Angl-7 or Angl-9. Still, the unique patterns of Ang I 
metabolism by ACE and ACE2 may represent the biochem- 
ical and physiological counter-regulatory arms of the RAS in 
the regulation of cardiovascular and renal function. ACE2 
seems to regulate Ang II production by ACE either by 
stimulating an alternative pathway for Ang I degradation or 
by facilitating the degradation of Ang II into Angl-7. 
However, according to the feed-forward node enzymatic 
pathway, ACE determines both the production of Ang II and 
the degradation of Angl-7, whereas ACE2, by facilitating the 
conversion of Ang II into Ang I -7, can regulate the net level 
of Ang II present in the tissue.'* The peptide Ang I -7, through 
its recently identified receptor the mas oncogene product 
(MAS),'' may stimulate NO synthase and counteract the 
potentially detrimental actions of Ang 11 via the AT, recep- 
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ACE2 Substrates and Products 

ACE2 Substrates/Products 



Cardiac and Renal Functions 



Asp Arg Val Tyr He His Pro Phe His Leu 
Ang1-9 

Asp Arg Val Tyr He His Pro Phe His 
Ang il Asp Arg Val Tyr lie His Pro Phe 



Ang1-7 Asp Arg Val Tyr lie His Pro 

Apelin-36 c term-Ser His Lys Gly Pro Met Pro 

Phe Apelin-13 Gin Arg Pro Arg Leu Ser His Lys 

Gly Pro Met Pro Phe 

des-Arg°-bradykinin 

Arg Pro Pro Gly Phe Ser Pro Ph 

Lys des-Arg'-bradyi<inin Lys Arg Pro Pro Gly 

Phe Ser Pro Phe 

Dynorphin A Tyr Gly Gly Phe Leu Arg Arg He 
Arg Pro Lys Leu Lys /3 casamorpiiin Tyr Pro 

Phe Val Glu Pro He 

Neurotensin pGlu-Leu Tyr Glu Asn Lys Pro Arg 



G-protein-coupled ATI and AT2 receptors 



G-prctein-coupled receptors B1 
G-protein-coupled receptors 
BI/G-protein-coupled receptors B2 



K and S G-protein-coupled opioid receptors 



G-protein-coupled neurotensin receptors 



Vasoconstriction? 

Vasoconstrictor, cardiomyocyte liypertrophy, fibroblasts 
proliferation, cardiac and cardiomyocte contractility, 
regulation of glomerular hemodynamics, and 
proteinuria 

Vasodilator, inhibition of cell growth, sodium and water 

flux, reduction in glomerular filtration 
Vasoconstriction, vasodilation, water intal<e, myocardial 
contractility, regulation of stroke volume and cardiac 
output 

Induced during inflammation and Ischemia 
Protective role in the development of hypertension and 
renal and cardiovascular complications 

Pain perception, cardiomyocyte contractility, arterial 
pressure 



preference for C-terminal Leu or Phe. The ACE2 substrates, products, and their receptors, if known, are indicated, 
or products are not always well defined. 



tor.''* Tiie effects of Ang I -7 may also involve binding to ATi 
receptor and augmenting bradykinin binding to the bradyki- 
nin Bj receptor.^^ A major pathway of Ang 1-7 degradation, 
whereby the peptide is converted to inactive fragments, is via 
ACE itself. Therefore, ACE inhibition can increase Ang 1-7 
levels while simultaneously reducing Ang II. Thus, it appears 
that ACE2 is a negative regulator of the RAS and counter- 
balances ACE function. 

Additional ACE2 Substrates 

In addition to its activity as an enzyme converting Ang II to 
Ang 1-7 or Ang I to Ang 1-9, ACE2 can remove in in vitro 
assays the C-terminal residue from apelin and other vasoac- 
tive peptides .such as neurotensin, kinetensin (a neurotensin- 
related peptide), and des-Arg bradykinin (Table). Indeed, 
ACE2 acts on apelin-13 and apelin-36 peptides with high 
catalytic efficiency. ^-^ These two forms of apelin were re- 
cently identified as endogenous ligands for the human APJ 
receptor, the homolog of the angiotensin receptor AT,."" 
However, APJ knockout mice showed a rather minor increase 
in their vasopressor response to Ang II, nevertheless, suggest- 
ing a counter-regulatory role in relation to the RAS."' Apelin 
also induces an increase in myocardial contractility and a 
reduction of vasomotor tone."- Although the increase in 
contractility seems to depend on an activation of Na*/H* and 
Na*/Ca^* exchangers, vasodilation is attributed to a release of 
NO from the vascular endothelial cells."' When apelin is 
given acutely, the decrease in preload favors the reduction of 
stroke volume and cardiac output in spite of an increased 
contractility. Chronic administration of apelin significantly 
increases cardiac output without the occurrence of cardiac 



hypertrophy. However, potential chronic side effects of ape- 
lin administration need to be determined."' 

Two opioid peptides, dynorphin A and |3-casamorphin, are 
also substrates of ACE2" (Table). These peptides activate k 
and S opioid G-protein-coupled receptors that regulate pain 
perception and, among other functions, may have negative 
effects on cardiomyocyte contractility."" Opioid peptides and 
their receptors show broad distribution in the various brain 
areas but are also expressed at sites that control the cardio- 
vascular system."' "* Potent cardiovascular effects have been 
reported after centi-al administration of opioid peptides."'' For 
instance, intracerebroventricular administration of 
)3-endorphin decreases the lumber sympathetic nerve activity 
and mean arterial pressure in anesthetized rats.">* However, it 
should be noted that studies with various opioid agonists are 
conflicting. 

The kinin metabolites, the nonapeptide bradykinin, and its 
biologically active metabolite exert their effects by selective 
activation of the two kinin receptor types: B, and B,. The 
bradykinin Bj receptor is constitutively expressed in most 
human tissues and mediates the majority of the visceral and 
vascular actions of bradykinin, whereas the bradykinin B, 
receptor is expressed mainly under pathological conditions 
such as inflammation and sepsis, being selectively activated 
by des-Arg' metabolites of the kinins."»-™ ACE2 does not 
metabolize bradykinin but inactivates both des-Arg'- 
bradykinin and lys-des-Arg'-bradykinin.'^-s' In various ani- 
mal models and in humans, it has been shown that the 
stimulation of bradykinin Bi receptors is not only implicated 
in the pathogenesis of inflammation, pain and tissue injury, 
but also triggers cardioprotective and renoprotective func- 
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tions.^"' In conclusion, although the biological peptides Ang 
I and Ang II are principal ACE2 substrates, ACE2 can cleave 
multiple other target peptides such as apelin- 1 3, dynorphin A, 
or des-Arg'-bradykinin. thus, although ACE2 functions have 
been primarily attributed to the regulation of the RAS, Ang II 
and Ang 1-7 are probably only part of the ACE2 story, and 
other ACE2 substrates may contribute to the in vivo functions 
of ACE2. 

Cardiac Functions 

For a number of years, ACE and its main biologically active 
peptide Ang II have assumed a central position in the cardiac 
RAS. With the discovery of ACE2, a new regulator entered 
the established metabolic RAS pathways, Components of the 
local cardiac RAS are heterologously distributed on different 
cell types within the heart.'* For instance, ACT is primarily 
distributed in atrial muscle and the neuronal fibers of the 
conduction system, with small amounts in the subendocardial 
region of the ventricle.'* In contrast, ACE is primarily 
expressed by coronary endothelial cells and cardiac fibro- 
blasts.'8 Additionally, ACE expression can be detected in all 
four heart valves, coronary blood vessels, the aorta pulmo- 
nary arteries, endocardium, as well as epicardium.'^' '* ACE2 
is localized to the endothelium and smooth muscle cells of 
most intramyocai'dial vessels, including capillaries, venules, 
and medium-sized coronary arteries and arterioles.-^'' Further- 
more, ACE2 protein expression was detected in cardiac 
myocytes from failing human hearts." It is important to note 
that although all the components of RAS are present in the 
heart, not all of them are believed to be synthesized in heart. 
For example, the question whether renin is synthesized in 
heart or is derived primarily from circulation remains still 
unresolved.'"' Together, the final balance of biologically 
active peptides produced within local heart environment may 
depend on the coexpression and the relative levels of ACE 
and ACE2 within different cell types. 

Cardiac Contractility 

Although hearts from young ace2 mutant mice are function- 
ally normal, hearts of old ace2-deficient mice in this partic- 
ular mouse background display a reduction in cai-diac con- 
tractility as demonstrated by 40% reduction in fractional 
shortening and velocity of circumferential shortening (heart 
rate cortected) with slight ventricular dilation. The signifi- 
cance of ACE2 in regulating cardiac function is further 
highlighted by the thinning of the left ventricular wall in aged 
ace2 mutant mice. This progressive cardiac dysfunction 
occurred without myocardial fibrosis or hypertrophy and in 
the absence of the myosin heavy chain isoform switches 
typically found in other animal models of heart failure. Thus, 
one may speculate that the observed phenotype closely 
resembles the defective heart found in patients with cardiac 
stunning/hibernation. Cardiac stunning and hibernation re- 
flect adaptive responses to prolonged tissue hypoxia that 
occurs in coronary artery disease or after bypass surgery.™ In 
these human diseases and related animal models, chronic 
hypoxic conditions lead to compensatory changes in myocyte 
metabolism,*' upregulation of hypoxia-induced genes,*^ and 
reduced heart function.*^ Accordingly, the hearts of ace2 null 



mice show upregulation of mRNA expression of hypoxia- 
inducible genes such as BNIPS^^ and The magnitude 
of increased expression of these hypoxia-inducible genes 
resembles previously observed levels in other hypoxic mod- 
els such as the myocyte-specific vascular endothelial growth 
factor mutant mice.'^'* However, the link between cardiac 
stunning/hibernation and the heart defect observed in ace2 
knockout mice has to be investigated further. Whether ACE2 
expression levels indeed change under conditions of hypoxia 
remains to be demonstrated. 

ACE2 knockout mice show also increased local heart Ang 
II levels. '■■^ Interestingly, both the cardiac phenotype and 
increased Ang II levels were completely reversed by addi- 
tional deletion of ace gene (ie, ablation of ACE expression on 
an ace2 mutant background abolished the cardiac dysfunction 
phenotype of ace2 single knockout mice).'' The heart func- 
tion of ace/ace2 double mutant mice was similar to that in ace 
single mutant and wild-type littermates. The normal cardiac 
functions of ace/ace2 double mutant mice suggest that the 
catalytic products of ACE account for the observed contrac- 
tile impairment of old ace2 single mutant mice. These 
observations for the first time demonstrated at the genetic 
level that ACE2 counterbalances the enzymatic actions of 
ACE. It seems that increased local cardiac Ang II might have 
been the cause for the cardiac abnormalities in flce2-deficient 
mice. However, it remains unclear why despite the elevated 
plasma and heart Ang 11 levels, the heart of the oce2-deficient 
mice did not show any evidence for cai'diac hypertrophy, In 
fact, it is well established that cardiac myocytes express Ang 
II receptors and undergo hypertrophy in re.sponse to Ang II, 
However, in vivo, elevated cardiac Ang II levels alone do not 
directly induce cardiac hypertrophy but do increase intersti- 
tial fibrosis.*^ Thus, it is important to note that Ang II- 
independent pathways could also play an important role in 
ACE/ACE2-regulated heart function. 

ACE2 and Heart Conductivity 

In several published studies, Ang II has also been implicated 
in conduction abnormalities, although some results appear 
contradictory. Slowed conduction was associated with in- 
creased myocardial and plasma ACE activity. Moreover, 
administration of an ACE inhibitor improved conduction 
velocities in cardiomyopathy using a Syrian hamster mod- 
e] 66-68 These observations suggest that Ang II slows cardiac 
conduction. This conclusion is further supported by the 
finding of slowed ventricular conduction in mice overex- 
pressing the AT, receptor.*^ However, in contrast, in cardiac 
myocyte cultures, Ang II stimulated an increase in con- 
nexin43, a protein implicated in the upregulation of cardiac 
conduction,''" implying that Ang II may accelerate cardiac 
conductance. Interestingly, in ace2 null mice, elevated levels 
of Ang II did not affect normal conductivity, and the mice 
appear to have a normal life span, at least under nonstress 
laboratory conditions. However, overexpression of ACE2, 
under the control of the myosin promoter, caused conduction 
disturbances that in some animals degenerated into ventricu- 
lar fibrillation with arrest and sudden death.'"' The severity of 
this phenotype correlated with the ACE2 expression levels; 
mice with higher expression of ACE2 were dying by 5 weeks 
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of age, whereas moderate expression of ACE2 extended their 
survival to 23 weeks. The question whether cardiac conduc- 
tion is in fact influenced by the RAS under physiological 
condition has to be re-examined because it has been proposed 
that Angl-7, a main product of ACE2 enzymatic activity in 
the heart, has antiarrhythmic actions.'" However, it is impor- 
tant to note that transgenic overexpression of ACE2 without 
ACE upregulation may shift the balance from the production 
of the cardioprotective and antiarrytmic Angl-7 to Angl-9. 
Whether ACE2 plays indeed a role in cardiac conductance 
system should be assessed in mutant animals under condi- 
tions of stress or chronic injury. 

ACE2 and the Failing Heart 

Accumulating evidence indicates that the local cardiac RAS 
and myocardial Ang 11 production is activated in myocardial 
infarction."-74 indeed, increased cardiac expression of AGT, 
ACE, and AT, receptor proteins, increased ACE activity, as 
well as elevated Ang II levels have been reported in infarcted 
hearts.'^ Moreover, ACE2 expression increases in the infarct 
zone, followed by increased ACE2 expression in the myocar- 
dium surrounding the ischemic zone after coronary artery 
ligation in rats.''' Blockade of AT, receptors by losaitan or 
olmesartan for 28 days after occlusion of a coronary arteiy 
resulted in a significant increase in cardiac ACE2 mRNA 
expression as well as increased ACE2 activity.-'* Further- 
more, inhibition of Ang II synthesis by 12-day oral adminis- 
tration of lisinopril increased cardiac ACE2 gene transcrip- 
tion.** Moreover, ACE2 gene expression and activity are also 
significantly increased in the failing human heart.''''''* The 
identification of ACE2 in the failing heart highlights its 
possible role in opposing the effects of Ang II. 

The hypothesis that ACE2 and its product Angl-7 may 
oppose the actions of Ang II was further supported by studies 
using normotensive Lewis rats.'''' After coronary aitery liga- 
tion, cardiac hypertrophy and left ventricular dysfunction 
were accompanied by increased plasma concentrations of 
Ang I, Ang II, and Angl-7, and downregulation of cai-diac 
AT, receptor expression. Treatment with the AT, receptor 
antagonists losartan and olmesartan reversed cardiac hyper- 
trophy and improved ventricular contractility. Both AT, 
receptor blockers further increased angiotensin peptide con- 
centrations, returned AT, receptor expression to normal, and 
increased ACE2 expression in the heart.'" It is important to 
note that in both studies in Lewis rats, cardiac ACE and 
ACE2 expression were unchanged in response to coronary 
artery ligation in the absence of drug treatment. 'Whether 
ACE2 expression has affected the severity or outcome of 
myocardial infarction remains contentious. However, what 
has emerged from recent studies appears to be the involve- 
ment of ACE2 in increasing the content of cardiac Angl-7. 
Because Angl-7 is formed within the heart after AT, receptor 
blockade, ACE2 may be responsible for the beneficial actions 
observed on such a treatment on cardiac function. Further- 
more, although ACE inhibitors were originally developed to 
suppress the formation of Ang II, recent studies suggest that 
part of their beneficial effect in cardiovascular diseases may 
be attributed to the elevation of plasma Angl-7 levels.'"-"" 
Whetiier AngI-7 indeed contributes to heart disease or is 



simply a byproduct of the local RAS activation needs to be 
examined further (eg, in mice lacking the Angl-7 receptor). 

Renal Function of ACE2 

A paradigm shift has occurred in recent years from an 
emphasis on the role of the systemic circulating RAS in the 
regulation of fluid and electrolyte balance and arterial pres- 
sure to focus on the local tissue RAS in kidneys. In the 
kidney, number of components of the RAS such as renin, 
AGT, and ACE mRNA are colocalized in a site-specific 
manner.^' Furthermore, the hypothesis that Ang II plays a 
tissue-.specific role in the kidney is consistent with the finding 
that Ang II receptors are localized to renal arterioles, glomer- 
ular mesangial cells, and on the basolateral and apical 
membranes of proximal tubule cells.^'-*' 

Within the kidney, ACE2 has a distribution similar to 
ACE. ACE2 is present in distal tubules, proximal tubules, and 
to a much lesser extent in glomeruli, as assessed by both gene 
and protein expression. ^'-s*-"** Interestingly, most of the 
intrarenal AGT is localized in the proximal tubule,*^-*'' *'-'' 
and AGT is secreted directly into the tubule lumen, where it 
serves as a substrate for renin or renin-like enzymes.*''*' 
Because ACE is located on the proximal tubule cell brush 
border, it can promptly convert Ang 1 to Ang II. "^.w Renal 
interstitial fluid contains a 1000-fold higher level of Ang II 
than plasma. However, as shown recently, ACE seems not to 
be the only enzyme contributing to Ang II fonnation in 
kidney, suggesting that besides other "angiotensinases," the 
intrarenal levels of Ang II may be also regulated by ACE2. 
For instance, incubation of isolated proximal tubules with 
Ang 1 led to generation of Ang II as well as Angl-7 and 
Angl-9. Generation of AngI-7 was blocked by the ACE2 
inhibitor DX600. Although in vitro studies indicate that 
ACE2 has 400-fold greater efficacy to convert Ang II to 
Angl-7 compared with the conversion of Ang I to Angl- 
931,33 or the conversion of other peptide substi-ates, incubation 
of proximal tubules with Ang II or luminal perfusion of Ang 
II did not result in detection of Angl-7.*'' Nonetheless, 
ACE2-regulated Angl-7 production in vivo may represent an 
important component of the proximal tubular RAS. Several 
studies have documented that Angl-7 is a major biologically 
active peptide in kidneys.^"'''-''* However, the role of Ang I -7 
remains somewhat controversial. In most situations, Angl-7 
opposes the actions of Ang II. For in.stance, Angl-7 infusion 
produced a marked natriuresis in the kidney of noimotensive 
rats and dogs.^-^ '** Moreover, it has been reported that Angl-7 
causes afferent arteriolar vasodilatation,^'' and even if devoid 
of any vasodilator actions by itself, it antagonizes the renal 
vasoconstrictor effects of Ang II. Furthermore, treatment with 
either an Angl-7 monoclonal antibody or with the selective 
Angl-7 receptor antagonist 7-D-Ala-Angl-7 elicited a dose- 
dependent rise in blood pressure and reversed to a significant 
degree the blood pressure-lowering effects of ACE inhibitors 
in hypertensive rats.^'*'* In contrast to these experiments, it 
has been shown that Angl-7 exhibits antidiuretic actions in 
water-loaded rats'' and stimulates renal tubular sodium reab- 
sorption in normotensive rats." Moreover, it has been re- 
ported that Angl-7 does not exert vasodilator or Ang II, 
opposing actions in the renal circulation.''' That ACE2 may 
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be functionally linked to the tissue production of Angl-7 is 
supported by the increased coexpression as well as colocal- 
ization of ACE2 protein and Angl-7 in the renal proximal 
tubules of spontaneously hypertensive rats on treatment with 
the vasopeptidase inhibitor omapatrilat."^ Omapatrilat tar- 
gets both ACE and neprilysin but not ACE2. Furthermore, 
mRNA ACE2 levels in the kidney increased 75% after 
Omapatrilat treatment. Similar findings were reported in 
pregnant rats.'"' Pregnancy increases the levels of both 
Angl-7 and ACE2 in the renal tubules without affecting the 
overall pattern of ACE2 distribution. Increased levels of 
Angl-7 in association with increased ACE2 expression 
support the notion that ACE2 may indeed play an important 
role in local kidney RAS.'* Together, these findings suggest 
that Ang 1-7 might be an important component of the RAS 
and a critical link in mediating the negative regulatory 
feedback between ACE and ACE2. To what extent ACE2 
may contribute to these divergent functions of Angl-7 in the 
kidney remains unclear. 

Few data are available on the functional role of ACE2 in 
the kidney. The first reported data on ACE2 in kidneys 
showed that hypertension correlates with ACE2 expression. 
For example, ace2 mRNA levels in the kidneys of salt- 
sensitive Sabra hypertensive (SBH/y) rats were lower then in 
the normotensive salt-resistant Sabra normotensive (SBN)/y 
rats, In addition, ACE2 protein expression was also markedly 
reduced in SBH/y animals that were fed a normal diet. 
Increase in blood pressure of SBH/y rats after a 4-week diet 
of DOCA salt correlated with a further decrease in ACE2 
protein expression. ACE2 protein levels were also signifi- 
cantly decreased in the kidneys of spontaneously hyperten- 
sive stroke-prone and spontaneously hypertensive rats com- 
pared with their Wistar Kyoto controls." Recently, it has 
been reported that ACE2 levels are reduced in experimental 
diabetic nephropathy .=' It is not yet known whether this 
reduction in ACE2 is of pathophysiological significance in 
diabetic nephropathy, but one could postulate that ACE2 
deficiency leads to a local increase in tubular Ang II, with 
subsequent effects such as promotion of interstitial fibrosis. 
For instance, local increases in Ang II have been also reported 
in damaged tubules in various experimental models of pro- 
gressive renal disease'"- such as in renal ablation,"" passive 
Heymann nephritis, anti-Thyl glomerulonephritis,"" anti- 
GBM nephritis,""*'"' and also glomerulosclerosis.'"" For 
instance, in glomerulosclerosis, it has been suggested that 
elevated Ang II levels might contribute to late development 
of glomerular injui^ and proteinuria.-" '"*' These studies 
support the view that local unopposed action of the ACE 
enzyme is generally associated with enhanced Ang II forma- 
tion, resulting in increased renal damage. In line with this 
hypothesis, ACE inhibitors and AT, receptor antagonist are 
known to reduce such renal injury and are used in the clinic 
for diabetic nephropathy. In humans, increased expression of 
ACE2 in glomerular and peritubular endothelium has been 
consistently observed in diseased kidneys across different 
diagnosis categories as well as renal transplants.^-^-"" Further- 
more, mice at an eariy stage of diabetes exhibit increased 
ACE2 protein in renal cortical tubules coupled with profound 
reduction in renal expression of ACE.**. These data are 



consistent with the assumption that increased expression of 
ACE2 may reflect a protective mechanism. Because Ang II is 
thought to play an important role in the progression of 
diabetic nephropathy, decreased renal ACE activity tied with 
increa.sed renal ACE2 expression may be protective for the 
kidneys in the early phases of diabetes by limiting the renal 
accumulation of Ang 11 and favoring Angl-7 formation. 
Interestingly, the decrease in ACE activity associated with an 
increase in ACE2 protein expression resembles the pattern 
seen after administration of a renoprotective drug, ramipril, to 
diabetic rats. 2' However, increased ACE2 protein expression 
in renal cortical tubules from the young diabetic mice does 
not exclude the possibility of an ACE2 reduction later during 
the development of nephropathy. In fact, decreased ACE2 
expression in concert with increased ACE activity may foster 
kidney damage in diabetes.^' Importantly, it has been shown 
recently that old ace2 mutant mice, in particular males, 
develop Ang 11- dependent glomerulosclerosis that resembles 
diabetic nephropathy in humans.^'' 

Concluding Remarks 

The transmembrane protease ACE2 has emerged as a nega- 
tive regulator of the RAS that counterbalances the multiple 
functions of ACE. Genetic data have shown that ACE2 plays 
a protective role in heart and kidney functions. In addition to 
the critical and multiple functions of Ang II, it is becoming 
clear that Angl-7 and possibly Angl-9 are additional major 
biologically active products of the RAS. ACE2 does not only 
function in the metabolism of RAS peptides but also in the 
catalysis of opioid peptides, apelin, neurotensin, or kineten- 
sin. Thus, enhancing ACE2 function might have effects and 
benefits that extend beyond the known functions of Ang 11 
and its receptor. Understanding the physiological roles of 
ACE2 in myocardial function and its contribution to kidney 
damage may ultimately lead to the development of new 
therapeutic agents. 
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Introduction 

Reconnbinant human soluble ACE2 (rhACE2) produced under protein free conditions 
in CHO cells by Apeiron Biologies was administrated to piglets in an LPS-induced 
ARDS model at the premises of the University Hospital Innsbruck. ARDS was 
induced in 8 animals: 4 animals were treated with rhACE2 at a dosage of 100 pg/kg 
and compared to a control group also composed of 4 animals. All animals had 
exactly the same age, similar body weight and had the same genetic antecedents 
(Table 1). 

ARDS was induced by continuous infusion of 50 pg/kg LPS for the whole duration of 
the experiment and further 1 - 3 LPS bolus injections of 50 pg/kg each. Average LPS 
quantity was 319 pg/kg and nearly equally distributed over both groups. RhACE2 
was central venously injected at a dose of 100 pg/kg following the last LPS bolus 
injection and 120 minutes from the start of the continuous LPS infusion. Several 
hemodynamic parameters as well as pharmacokinetics were investigated. 





Control group 






Animal number 


7 9 10 


12 


Average 


LPS |jg X kg"^ 


320 370 433 


200 


331199 


Animal weight kg 


26 23 20 


22 


23±3 




rhACEl treated group 






Animal number 


11 13 14 


15 




LPS Mg X kg"^ 


392 280 247 


308 


307±22 


Animal weight kg 


24 18 21,5 


19 


21 ±3 



Table 1: Animal disposition, group distribution and LPS dosage 



Tolerability and side effects 

1 00 pg/kg rhACE2 administrated as bolus injection were well tolerated and did not 
show any apparent side effects like blood pressure drop or heart frequency increase. 

Pharmacokinetics 

RhACE2 distribution and activity are still under investigation. First evaluation showed 
an ACE2 activity (using a substrate Mca-APK-(Dnp)-OH based fluorescence based 
activity assay) in serum and ascites which was not detected in baseline samples. No 
activity was detected in urine or lung lavage. Figure 1 displays the measured time 
dependent ACE2 activity in serum samples after an infusion of 100 pg/kg at time 
point 0. We used a one phase exponential decay fit and calculated a half life time of 
Ti/2a=77 minutes, corresponding to the half life time of the initial compound 
distribution phase (Figure 1). To properly determine the terminal serum half-life a 
considerably longer observation time will be needed. 
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Figure 1: rhACE2 activity was measured in serum samples 30, 90 and 50 minutes after 
infusion of 100 fjg/l<g to an animal of 24 kg using fluorescent labelled tripeptide APK as 
substrate. 



Pulmonary Arterial Pressure (PAP) 

PAP was measured online during the whole experiment and is summarized in 
Figure 2. From the time point of infusion of rhACE2 the control group showed a 
nearly 15% increased of PAP while the treated animals apparently stabilized on this 
baseline level or even showed a slight decrease. Difference between both groups 
was statistically significant at 60 (p<0.06), 120 minutes (p<0.05) and also at 150 
minutes (p<0.05) after ACE2 infusion. 




Figure 2: Pulmonary arterial pressure was monitored during the whole experiment. Average 
values of both groups are displayed (A). Variation from the time point of rhACE2 infusion 
(0 minutes) is displayed in percentages (B). 



Systolic Arterial Pressure (SAP) 

SAP was also measured online and average values of both groups are displayed in 
Figure 3. The control group showed an increase up to 12% while after rhACE2 
injection a stabilization and further 5% decrease was observed. The difference 
between both groups was statistically significant at 60 (p<0.07), 120 minutes (p<0.03) 
and also at 150 minutes (p<0.07). 
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Figure 3: Systolic arterial pressure was monitored during the whole experiment. Average 
values of both groups are displayed (A). Variation from the time point of rhACE2 infusion (0 
minutes) is displayed in percentages (B). 



Arterial and venous p02 concentration 

Oxygen concentration was measured in arterial and venous blood samples taken 
every 30 minutes. Values are displayed in Figure 4. Oxygen concentration decreased 
in arterial and venous blood in both groups. A potential stabilization of arterial as well 
as venous oxygen concentration in the group receiving rhACE2, which might be 
observed first in the venous, later in the arterial blood, is not statistical significant and 
will have to be confirmed in further experiments. 




Figure 4: ARDS model: arterial and venous oxygen concentration measured in blood 
samples of animals treated with rhACE2 (blue curves) and control animals (black and grey 
curves). 



